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1. 

SYSTEMS AND METHODS FOR 
COLLABORATIVE IMAGE CAPTURING 

BACKGROUND 

1. Field of the Disclosure 
The present disclosure relates generally to collaborative 

imaging. 
2. Description of the Related Art 
When capturing an image of a scene, the limitations of a 

camera may prevent the camera from capturing all desired 
information about a scene, Such as perspectives and spectral 
information. Some software applications allow a user to per 
form Some image adjustment or correction afterwards, but the 
adjustments or corrections may require interpolation, con 
Sume lots of time and computing resources, or fail to correct 
or restore all the lost lighting information. For example, a two 
dimensional RGB image does not capture depth information, 
and extracting depth information from the two dimensional 
RGB image is computationally intensive and provides only 
limited depth information—most of the depth information is 
lost. 

Additionally, most imaging sensors have a directional field 
of view, and capturing a wide field of view requires either a 
wide angle lens or Stitching images together. Also, the pan 
oramic images that are created by wide angle lenses have only 
one point of view, and Stitched images require correction of 
optic distortions, misalignments, and mis-registration. A user 
may compensate for some of these limitations by taking mul 
tiple images of a scene with different camera settings or from 
different positions and then combining the images, but this 
requires extra storage space for the additional images and 
extra time to adjust the settings and move to a different posi 
tion. 

SUMMARY 

In one embodiment, a device for collaborative image cap 
turing comprises a computational image sensor including a 
imaging sensor configured to detect light signals from a field 
of view, and one or more processors configured to control at 
least one parameter of the imaging sensor and to adjust the at 
least one imaging sensor parameter based on a respective 
light signal detected by one or more other computational 
image sensors, and a network interface configured to 
exchange data with the one or more other computational 
image sensors, wherein the exchanged data indicates the 
respective light signals detected by the one or more other 
computational image sensors. 

In one embodiment, a method for capturing an image com 
prises receiving light signal data from two or more imaging 
sensors, wherein an imaging sensor is configured to detect a 
light field from a field of view and generate light signal data 
based on the detected light field, receiving position data from 
the two or more imaging sensors, wherein position data indi 
cates one or more of location and spatial orientation of a 
respective imaging sensor, and generating a combined image 
based on the light signal data and the position data received 
from the two or more imaging sensors. 

In one embodiment, a computer-readable medium stores 
instructions that, when executed by one or more computing 
devices, cause the one or more computing devices to perform 
operations comprising generating a combined image of a 
scene from a plurality of component images of the scene, 
wherein the plurality of component images are obtained from 
a plurality of respective imaging sensors, and wherein a com 
ponent image indicates light signals detected by a respective 
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imaging sensor while one or more imaging sensor parameters 
of the respective imaging sensor are configured to one or 
more settings, generating adjustment data including an 
adjustment for a setting of a imaging sensor parameter for a 
respective imaging sensor based on the combined image, and 
transmitting the adjustment data to the respective imaging 
SSO. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is block diagram illustrating a system for collabo 
rative image capturing. 

FIG. 2 is a block diagram illustrating an embodiment of a 
collaborative imaging device. 

FIG. 3 is a flowchart illustrating an embodiment of a 
method for collaborative image capturing. 

FIG. 4 is a flowchart illustrating an embodiment of a 
method for collaborative image capturing. 

FIG. 5 is a block diagram illustrating an embodiment of a 
collaborative imaging system capturing a collaborative 
image. 

FIG. 6 illustrates embodiments of representative images 
captured with different spectral sensitivities. 

DETAILED DESCRIPTION OF CERTAIN 
EMBODIMENTS 

The following description is of certain illustrative embodi 
ments, and the disclosure is not limited to these embodiments, 
but includes alternatives, equivalents, and modifications such 
as are included within the scope of the claims. Additionally, 
the illustrative embodiments may include several novel fea 
tures, and a particular feature may not be essential to practice 
the systems and methods described herein. 

FIG. 1 is a block diagram illustrating a system for collabo 
rative image capturing. The system includes a collaborative 
imaging device 100A in communication with one or more 
collaborative image devices 100B-N (where “N' represents 
any number of collaborative imaging devices capable of com 
municating with the collaborative imaging device 100A), via 
wired or wireless channels (e.g., Wifi, RF, infrared, USB, 
serial port). The collaborative imaging device 100A is also in 
communication with one or more other collaborative imaging 
devices 100C-X (where “X” represents any number of col 
laborative imaging devices capable of communicating with 
the collaborative imaging device 100A) via the network 180. 
The network 180 may include any combination of one or 
more networks, including the Internet, WANs, and LANs as 
well as any combination of wired or wireless networks. 
The collaborative imaging devices 100A, 100B-N, 

100C-X are each configured to capture image data. Depend 
ing on the embodiment, one or more of the collaborative 
imaging devices 100A, 100B-N, 100C-X include plenoptic 
cameras and/or are capable of detecting light fields (e.g., 4D 
or 5D light fields), have tunable spectral sensitivities, and/or 
are capable of detecting a broader spectrum of light than the 
human eye can detect. The collaborative imaging devices 
100A, 100B-N, 100C-X may be used by a single user or a 
group of users (e.g., a family or a group of friends) to capture 
more image information than a single imaging device can 
capture. For example, the members of a family on vacation 
may point their respective imaging device at a scene (e.g., the 
Eiffel Tower, Times Square, the White House, Delicate Arch, 
a group of penguins, a basketball game) and the devices 
cooperate and coordinate to capture different image informa 
tion (e.g., Some or all of the image information is different 
between imaging devices) from the scene. By way of another 
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example, the collaborative imaging devices used by a group 
of Strangers at an athletic event may capture more image 
information about scenes of the event than could be captured 
by a single collaborative imaging device by cooperating and 
coordinating the capturing of the image information and shar 
ing the captured image information with the other collabora 
tive imaging devices. 

FIG. 2 is a block diagram illustrating an embodiment of a 
collaborative imaging device 200. The collaborative imaging 
device 200 includes a lens 10 (which may include a plurality 
of lenses, including a microlens array), an aperture 11 (which 
may include a plurality of apertures), shutter 12, and an image 
sensor 14 that converts incident electromagnetic radiation 
(e.g., an optical image) into an electrical signal and that may 
have a spectral response that is tunable by adjusting one or 
more capture parameters. Furthermore, in other embodiments 
the lens 10, aperture 11, and shutter 12 may be arranged 
differently than is shown in the embodiment of FIG. 2. 

Electromagnetic radiation (also referred herein as “light') 
from a scene (e.g., an object in the scene) passes through the 
lens 10, the aperture 11, and the shutter 12, when open, and 
forms an optical image on an image sensing Surface of the 
image sensor 14. The image sensor 14 converts the optical 
image to analog image signals and outputs the signals to an 
ND converter 16. The ND converter 16 converts the analog 
image signals to digital image signals. 
The image sensor 14 can detect light in the spectrum visible 

to the human eye and/or in the spectrum that the human eye 
cannot detect (e.g., infrared, X-ray, ultraviolet, gamma rays). 
In some embodiments, the image sensor 14 can detect light 
fields, including 4 dimensional and 5 dimensional light fields. 
In the embodiment shown, the image sensor 14 has a spectral 
response which is tunable in accordance with a capture 
parameter 17. For each pixel, the image sensor 14 outputs 
three or more channels of color information, for example a 
red-like channel, a green-like channel and a blue-like chan 
nel. The precise nature of the spectral responsiveness of 
image sensor 14 is specified by the capture parameter 17. In 
this embodiment, the capture parameter 17 comprises of mul 
tiple spatial masks, such as one mask for each channel of 
information output by image sensor 14. Thus, for example, 
where image sensor 14 outputs three or more channels, cap 
ture parameter 17 includes a spatial mask DR for the red-like 
channel of information, a spatial mask DG for the green-like 
channel of information, and a spatial mask DB for the blue 
like channel of information. Each spatial mask comprises an 
array of control parameters corresponding to pixels or regions 
of pixels in image sensor 14. The spectral responsiveness of 
each pixel and/or each region of pixels is thus tunable indi 
vidually and independently of other pixels or regions of pix 
els. 
The image sensor 14 may include transverse field detector 

(TFD) sensor, and spatial masks DR, DG, and DB may cor 
respond to Voltage biases applied to control electrodes of the 
TFD sensor. ATFD sensor has a tunable spectral responsive 
ness that can be adjusted by application of bias Voltages to 
control electrodes. In some TFD image sensors, the spectral 
responsiveness is tunable globally, meaning that all pixels in 
the image sensor are tuned globally to the same spectral 
responsiveness. In other TFD sensors, the spectral respon 
siveness is tunable on a pixel by pixel basis or a region-by 
region basis. Bias Voltages are applied in a grid-like spatial 
mask, Such that the spectral responsiveness of each pixel is 
tunable individually of other pixels in the image sensor, or 
Such that the spectral responsiveness of each region including 
multiple pixels is tunable individually of other regions in the 
image sensor. Also, in Some embodiments the collaborative 
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4 
imaging device 200 includes one or more tunable filters (e.g., 
tunable color filter arrays) and a monochromatic sensor. The 
tunable filters may be adjusted similar to the adjustment of a 
tunable imaging sensor, including the use of spatial masks, 
global tuning, regional tuning, and pixel-by-pixel tuning, as 
well as temporal tuning. 
The collaborative imaging device 200 also includes an 

image processing unit 20, which applies resize processing, 
Such as predetermined interpolation and reduction, and color 
conversion processing to data from the ND converter 16 or 
that from the memory control unit 22. The image processing 
unit 20 performs predetermined arithmetic operations using 
the captured image data, and the collaborative imaging device 
200 performs exposure control and ranging control based on 
the obtained arithmetic result. The collaborative imaging 
device 200 can perform TTL (through-the-lens) AF (auto 
focus) processing, AE (auto exposure) processing, and EF 
(flash pre-emission) processing. The image processing unit 
20 further performs TTL AWB (auto white balance) opera 
tions based on the obtained arithmetic result. 

Output data from the A/D converter 16 is written in a 
memory 30 via the image processing unit 20 and/or memory 
control unit 22. The memory 30 stores image data that is 
captured by the image sensor 14 and converted into digital 
data by the ND converter 16. The memory 30 may store 
images (e.g., still photos, videos) and other data, for example 
metadata and file headers for captured images. 
The memory 30 may also serve as an image display 

memory. A D/A converter 26 converts digital data into an 
analog signal and Supplies that analog signal to an image 
display unit 28. The image display unit 28 presents images 
according to the analog signal from the D/A converter 26 on 
a screen of a display (e.g., a liquid crystal screen of an LCD 
display). 
A compression/decompression unit 32 compresses and 

decompresses image data, for example by applying an adap 
tive discrete cosine transform (ADCT) or the like. The com 
pression/decompression unit 32 loads captured image data 
stored in the memory 30, compresses the data, and writes the 
compressed data in the memory 30. Also, the compression/ 
decompression unit 32 decompresses compressed image data 
loaded from a detachable recording unit 202 or 212 and writes 
the processed data in the memory 30. 
An exposure control unit 40 controls the shutter 12. The 

exposure control unit 40 may also have a flash exposure 
compensation function that links with a flash (flash emission 
device) 48. The flash 48 has an AFauxiliary light projection 
function and a flash exposure compensation function. An 
aperture control unit 42 controls the size of the aperture 11. A 
focusing control unit 44 controls the focus of the lens 10, and 
a Zoom control unit 46 controls the angle of view of the lens 
10. The exposure control unit 40, aperture control unit 42, 
focusing control unit 44, and Zoom control unit 46 may each 
partially control the lens 10, aperture 11, and shutter 12, and 
may also communicate with each other to determine appro 
priate settings for the lens 10, aperture 11, and shutter 12. 
A memory 56 is a readable and writable memory, and may 

include, for example, an EEPROM, a semiconductor memory 
(e.g., a solid state drive, SRAM, DRAM), a magnetic disc, 
etc. The memory 56 may store computer-executable pro 
grams and data for operation of a system control unit 50. The 
system control unit 50 includes one or more processors and 
reads and performs computer-executable instructions, such as 
instructions stored in the memory 56. Note that the computer 
executable instructions may include those for the perfor 
mance of various methods described herein. The memory 56 
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is an example of a non-transitory computer-readable memory 
medium, having stored thereon computer-executable instruc 
tions, as described herein. 

The memory 56 may also store pre-designated capture 
parameters for the image sensor 14 (and/or a tunable color 
filter array) to control spectral responsiveness of the image 
sensor 14. In this embodiment, the capture parameters are 
comprised of spatial masks. The system control unit 50 may 
also generate masks and store the masks in the memory 56. 
The masks may be generated based on a comparison of cap 
tured images and/or may be based on a comparison of two or 
OSCS. 

The memory 56 includes a collaboration module 220. A 
module includes instructions that may be executed by the 
collaborative imaging device 200 to cause the collaborative 
imaging device 200 to perform certain operations, though for 
ease of description a module may be described as performing 
the operations. Modules may include logic and/or computer 
readable instructions and may be implemented in Software, 
firmware, and/or hardware. In other embodiments, the col 
laborative imaging device 200 may include more or less mod 
ules, the modules may be combined into fewer modules, or 
the modules may be divided into more modules. The collabo 
ration module 220 may be executed to cause the collaborative 
imaging device 200 to communicate and collaborate with 
other collaborative imaging devices to capture image infor 
mation (e.g., performing the methods described herein). 
The collaborative imaging device 200 also includes a mode 

selector 60 that sets the operation mode of the collaborative 
imaging device 200 to still image recording mode, movie 
recording mode, playback mode, master mode, slave mode, 
etc. The shutter switch SW1 66a may be activated in the 
middle of operation (half stroke) of a shutter button, and 
generate a first shutter Switch signal. Also, the shutter Switch 
SW2 66b may be activated upon a full stroke of the shutter 
button, and generates a second shutter Switch signal. In other 
embodiments, the shutter switches SW1 66a and SW2 66b 
may be activated by different controls. The system control 
unit 50 may start the operations of the AF (auto focus) pro 
cessing, AE (auto exposure) processing, AWB (auto white 
balance) processing, EF (flash pre-emission) processing, and 
the like in response to the first shutter Switch signal. Also, in 
response to the second shutter Switch signal, the system con 
trol unit 50 may perform and/or initiate a series of operations, 
including the following: reading image signals from the 
image sensing device 14, converting image signals into image 
data by the A/D converter 16, processing of image data by the 
image processor 20, writing image data to the memory 30, 
reading image data from the memory 30, compression of the 
image data by the compression/decompression circuit 32, and 
writing data to the recording medium 208 or 210. 
A Zoom selector 64 may be operated by a user to change the 

angle of view (Zooming magnification or shooting magnifi 
cation). The Zoom selector 64 may include a slide-type mem 
ber, a lever, and/or a switch. The display switch 72 activates 
and deactivates the image display unit 28. A position unit 62 
detects a location and/or orientation of the collaborative 
imaging device 200. The position unit 62 may include, for 
example, a global positioning system (GPS), a compass, an 
attitude indicator, an altimeter, an accelerometer, an optical 
flow analyzer, and/or a gyroscope. 
The operation unit 70 may include various buttons, touch 

panels and so on. In one embodiment, the operation unit 70 
includes a menu button, a set button, a macro selection button, 
a multi-image reproduction/repaging button, a single-shot/ 
serial shot/self-timer selection button, a forward (+) menu 
selection button, a backward (-) menu selection button, and 
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6 
the like. The operation unit 70 may also set and change the 
flash operation mode. The settable modes include auto, flash 
on, red-eye reduction auto, and flash-on (red-eye reduction). 
The operation unit 70 may be used to select a storage format 
for the captured image information, including JPEG (Joint 
Photographic Expert Group) and RAW formats. The opera 
tion unit may set the collaborative imaging device 200 to a 
plural-image shooting mode, wherein data from a plurality of 
images data can be recorded in response to a single shooting 
instruction by a user. This may include auto bracketing, 
wherein one or more shooting parameters (e.g., white balance 
and exposure) are altered in each of the images. 
The operation unit 70 may also set a communication mode 

for the collaborative imaging device 200. The communication 
modes include a stand-alone mode, an open access mode, and 
a secure access mode. In the stand alone mode, the collabo 
rative imaging device 200 does not share image data with 
other collaborative imaging devices. In open access mode, the 
collaborative imaging device 200 shares image data with 
every other collaborative imaging device within range that 
will share image data and may search for other collaborative 
imaging devices in communication range. In Secure access 
mode, the collaborative imaging device 200 shares image 
data only with other devices (e.g., collaborative imaging 
devices) that are within a predetermined network and/or that 
can provide proper authentication and/or authorization cre 
dentials. For example, in some embodiments, while in secure 
access mode, the collaborative imaging device 200 receives 
and transmits authentication requests, Verifies received cre 
dentials, and transmits credentials and the results of authori 
zation and authentication operations to other devices. 
A power supply control unit 80 detects the existence/ab 

sence of a power source, the type of the power source, and a 
remaining battery power level, and Supplies a necessary Volt 
age to other components as required. A power Supply 86 
includes a battery, Such as an alkaline battery, a lithium bat 
tery, a NiCd battery, a NiMH battery, and an Li battery, an AC 
adapter, and the like. The collaborative imaging device 200 
and the power source 86 are connected by connectors 82and 
84. 
The recording media 208 and 210 include recording units 

202 and 212 that are configured with computer readable 
media, including semiconductor memories, magnetic disks, 
optical discs, etc., interfaces 204 and 214 for communication 
with the collaborative imaging device 200, and connectors 
206 and 216. The connectors 206 and 216 are coupled to 
connectors 92 and 96 and interfaces 90 and 94 of the collabo 
rative imaging device 200. Although the illustrated embodi 
ment includes two systems of interfaces 90 and 94 and con 
nectors 92 and 96 for connecting the recording media 208 and 
210, a single or another plural numbers of interfaces and 
connectors may be included in other embodiments. 

Additionally, a communication circuit 222 communicates 
with other devices, through channels such as USB, IEEE 
1394, P1284, SCSI, modem, LAN, RS232C, and wireless 
communication. A connector/antenna 224 can connect the 
collaborative imaging device 200 to other devices via a wired 
connection and/or communicate wirelessly with other 
devices, including other collaborative imaging devices 200, 
printers, other computing devices, etc. 

FIG. 3 is a flowchart illustrating an embodiment of a 
method for collaborative image capturing. Other embodi 
ments of this method and the other methods described herein 
may omit blocks, may add blocks, may change the order of 
the blocks, may combine blocks, and/or may divide blocks 
into separate blocks. Additionally, components of one or 
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more collaborative imaging devices may implement the 
method shown in FIG. 3 and the other methods described 
herein. 

In block 300, a synchronization signal is transmitted to a 
collaborative imaging device. For example, a collaborative 
imaging device may transmit the synchronization signal to 
one or more other collaborative imaging devices, and the 
collaborative imaging devices may collectively negotiate the 
synchronization in response. Additionally, a collaborative 
imaging device operating in master mode may transmit a 
synchronization signal to collaborative imaging devices oper 
ating in slave mode. The synchronization signal may include 
timing data (e.g., a time, a countdown timer) that indicates 
when the collaborative imaging devices should capture 
respective images. 

Proceeding to block 310, the collaborative imaging devices 
capture light field images and record their respective posi 
tions (e.g., location and/or orientation). The collaborative 
imaging devices may capture the light field images Substan 
tially simultaneously. Such as in response to the synchroniza 
tion signal or in response to a command to capture. Some or 
all of the captured images may have partially or completely 
overlapping fields of view of a scene taken from approxi 
mately the same orientation (e.g., arranged in an approximate 
line facing the same direction) and/or may have partially or 
completely overlapping fields of view of a scene taken from 
differentorientations (e.g., arrange in a semi-circle and point 
ing toward the center of the circle). Additionally, some or all 
of the captured images may not have any overlap between 
their respective fields of view. 

Next, in block 320, image depth information is extracted 
from the captured images and the positions of the collabora 
tive imaging devices. The extraction operation(s) may be 
distributed among the collaborative imaging devices and/or a 
cloud computing service. Moving to block 330, a three-di 
mensional model of the scene is generated based on the cap 
tured light fields and the image depth information. Finally, in 
block 340, a preview image is generated (e.g., by one or more 
collaborative imaging devices and/or the cloud computing 
service), and the preview image may be sent to one or more of 
the collaborative imaging devices for presentation. Genera 
tion of the preview image and/or the three-dimensional model 
may include synthesizing the captured images, which may 
further include Stitching at least some of the captured images 
together. The Stitching can include, for example, optical 
analysis of the images (e.g., landmarks, histograms) and/or 
position analysis of the collaborative imaging devices. The 
preview image may have a low spatial resolution to reduce the 
computational intensity of generating the preview image. A 
master collaborative imaging device may manage the distri 
bution of the depth extraction, model generation, and preview 
generation among one or more devices. 
A display on a respective collaborative imaging device 

may present the preview image to a user. A collaborative 
imaging device may transmit a store message (e.g., in 
response to a user command) to the other collaborative imag 
ing device(s) to store their respective captured images, and/or 
images received from other collaborative imaging devices, in 
a computer-readable medium and/or to send their respective 
captured and/or received image(s) to a device (e.g., a desig 
nated collaborative imaging device, a cloud device). One or 
more devices may already have received all the images (e.g., 
a device that generates the three-dimensional model or the 
preview image, a device operating in master mode), and a 
device that has already received all the images may store 
them. The store message may be transmitted by default, in 
response to a user command, in response to an expiration of a 
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timer, in response to satisfaction of one or more predeter 
mined criteria, etc. A final high resolution collaborative 
image may be generated later, or the final high resolution 
collaborative image could be generated immediately and 
stored on one or more designated devices. The collaborative 
imaging devices that do not store part or all of the images may 
then delete their respective captured and/or received images. 

Furthermore, the light field data and/or the different per 
spectives of the collaborative cameras provide more depth 
information about the scene than a two-dimensional RGB 
image. The additional depth information allows the genera 
tion of a collaborative image which has a more detailed and 
accurate three-dimensional model of the scene. The collabo 
rative image may allow post-capture adjustments to the focus, 
depth estimation, and glare reduction. 

FIG. 4 is a flowchart illustrating an embodiment of a 
method for collaborative image capturing. In block 400, mul 
tiple images of a scene are captured, for example by respec 
tive collaborative imaging devices. The multiple images may 
include a mosaic of the scene with pre-determined spectra 
that captures multiple views of the scene and may also include 
the positions of the collaborative imaging devices that cap 
tured the images. The multiple images may be sent to one or 
more devices, such as a master device, one or more collabo 
rative imaging devices not operating in master mode, a cloud 
service, and/or other computing devices. 
Moving to block 410, an illumination estimation of the 

multi-view scene is generated. The illumination estimation 
may be generated using distributed processing (e.g., collabo 
rative imaging devices, cloud computing, other computing 
devices) and may include an illumination estimation for each 
region of the scene and/or clustering pixels under the same or 
approximately the same illumination. 

Next, in block 420, one or more adjustments are generated 
for one or more image capture parameters of respective col 
laborative imaging devices. The objective(s) of the adjust 
ments may be to correct one or more colors captured by an 
imaging sensor and/or to capture a high dynamic range in a 
collaborative image synthesized from multiple images cap 
tured by respective imaging sensors. The adjustments may 
alter the parameters (e.g., the capture parameters) of the 
image sensors. In one embodiment, the adjustments are in the 
form of spatial Voltage masks for respective tunable image 
sensors and/or tunable image filters, and generating the 
adjustments includes calculating a compensation signal and 
generating a spatial Voltage mask based on the signal. The 
parameters may include, for example, a spectral sensitivity, a 
focal point, a brightness level, a depth of field, an aperture 
setting, a flash setting, an exposure time, and an ISO setting. 
A collaborative imaging device may generate its own adjust 
ments and/or its adjustments may be generated by another 
computational imaging device, a cloud service, and/or other 
computing devices. For example, a master collaborative 
imaging device may generate the adjustments for one or more 
slave collaborative imaging devices. 

In block 430, the adjustments areapplied to the parameters, 
which may include transmitting the adjustments to the 
respective collaborative imaging device. Upon receiving the 
adjustments, the collaborative imaging devices adjust their 
parameters accordingly. For example, a collaborative imag 
ing device may apply adjustments in the form of spatial 
Voltage mask to its image sensor. Finally, in block 440, 
images of the scene are captured using the adjusted param 
eters. The communication between the collaborative imaging 
devices allows the collaborative imaging devices to capture a 
greater range of information from the scene, for example by 
capturing different fields of view, spectrums of radiation, 
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angles, etc. The images may be captured in response to a 
capture signal transmitted by a master device, and the cap 
tured images may be combined to generate a multi-view color 
balanced image or a multi-view high dynamic range image. 

FIG. 5 is a block diagram illustrating an embodiment of a 
collaborative imaging system 510 capturing a collaborative 
image of an illustrative scene 550. Collaborative imaging 
devices 500A-D are positioned such that at least part of the 
scene 550 is in a field of view of each of the collaborative 
imaging devices 500A-D. The collaborative imaging devices 
500A-D communicate with one another via wireless links 
509A-D. In the embodiment shown, not all of the collabora 
tive imaging devices 500A-D can communicate with all the 
other collaborative imaging devices 500A-D (due to range, 
obstacles, etc.), though in other embodiments more or less of 
the collaborative imaging devices 500A-D can communicate 
with one another. 

The collaborative imaging devices 500A-D have different 
perspectives of the scene 550. Capturing images (e.g., light 
field images) of the scene 550 from different perspective 
facilitates depth estimation and three-dimensional modeling 
of the scene 550. For example, the different perspectives of 
collaborative imaging devices 500A and 500D provide more 
information about the relative positions of a first object 551, 
a second object 553, and a third object 555 than could be 
acquired from a single perspective (e.g., the perspective of 
collaborative imaging device 500D). The collaborative imag 
ing devices 500A-D can share and combine the captured 
images to generate a more detailed and accurate three-dimen 
sional model of the scene 550. Furthermore, combining the 
captured images may allow a post capture adjustment of a 
perspective of an image of the scene 550. For example, an 
image of the scene 550 may be generated from the perspective 
of any of the collaborative imaging devices 500A-D or from 
the perspective of a point between the devices based on the 
three-dimensional model of the scene 550 generated from the 
captured images. Additionally, other parameters of the image 
may be adjusted, including, for example, a depth of focus and 
a focal distance. 
The collaborative imaging devices 500A-D may capture 

different spectral information about the scene 550. For 
example, each of the collaborative imaging devices 500A-D 
may be tuned with different spectral sensitivities, and the 
respective captured images may include different spectral 
information about the scene 550. FIG. 6 illustrates embodi 
ments of representative images 600A-D that are captured 
with different spectral sensitivities. The images 600A-D each 
include at least some spectral information about the scene that 
is different than the spectral information in the other images. 
Two or more of the images 600A-D may be combined to 
create a collaborative image 610 that includes more spectral 
information than any single collaborative imaging device 
500A-D could capture in a single image. 
The collaborative imaging devices 500A-D may exchange 

captured light information and/or position information via the 
wireless links 509 A-D. One or more of the collaborative 
imaging devices 500A-D may generate a preview of the col 
laborative image based on the exchanged captured light infor 
mation and/or position information. The preview may be 
transmitted to one or more of the other collaborative imaging 
devices 500A-D and presented on their respective displays. 
The above described systems and methods can be achieved 

by Supplying a storage medium having computer-executable 
instructions for realizing the above described operations to 
one or more computing devices (e.g., CPU, MPU) that may 
read the computer-executable instructions stored in the Stor 
age medium and execute them. 
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In this case, the computer-executable instructions when 

read from the storage medium and performed by the one or 
more computing devices execute the operations of the above 
described embodiments. Thus, the computer-executable 
instructions or the storage medium storing the computer 
executable instructions therein constitute an embodiment. 
Any applicable computer-readable storage medium (e.g., a 

floppy disk, a hard disk, an optical disk, a magneto-optical 
disk, a CD-ROM, a CD-R, a magnetic tape, a non-volatile 
memory card, semiconductor memory) can be employed as a 
storage medium for Supplying the computer-executable 
instructions. 
The computer-executable instructions may be stored in a 

memory provided on a function-extension board inserted into 
the computing device or on a function-extension unit con 
nected to the computing device, and a CPU provided on the 
function-extension board or unit may carry out part or all of 
the actual processing that realizes the operations of the above 
described embodiments. Furthermore, when the computer 
executable instructions are executed by the one or more com 
puting devices, an operating system working on the 
computing system may carry out part or all of the actual 
processing that realizes the operations of the above described 
embodiments. 

While the above disclosure describes illustrative embodi 
ments, it is to be understood that the invention is not limited to 
the above disclosure. To the contrary, the invention covers 
various modifications and equivalent arrangements within the 
spirit and scope of the appended claims. 

What is claimed is: 
1. A device for collaborative image capturing, the device 

comprising: 
a computational image sensor including 

an imaging sensor configured to capture one or more 
images of a field of view: 

a network interface configured to exchange information 
with one or more other computational image sensors, 
wherein the exchanged information includes respective 
images captured by the one or more other computational 
image sensors; and 

one or more processors configured to control at least one 
parameter of the imaging sensor and to cause the device 
to perform operations including 
capturing a first image of the field of view, 
receiving first one or more images from the one or more 

other computational image sensors, 
adjusting the at least one parameter of the imaging sen 

Sor based on the one or more images captured by one 
or more other computational image sensors, 

capturing a second image of the field of view with the 
adjusted at least one parameter of the imaging sensor, 

receiving second one or more images from the one or 
more other computational image sensors, and 

combining the second image of the field of view and the 
second one or more images captured by the one or 
more other computational image sensors to generate a 
combined image. 

2. The device of claim 1, wherein an image is a light field 
image that includes four-dimensional light field data. 

3. The device of claim 2, wherein the computational image 
sensor is a plenoptic sensor. 

4. The device of claim 2, wherein the one or more proces 
sors are further configured to cause the device to generate a 
three dimensional model of the field of view based on four 
dimensional light field data in the image captured by the 
computational image sensor and on respective four-dimen 
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sional light field data in the images captured by the one or 
more other computational image sensors. 

5. The device of claim 4, wherein the exchanged data 
includes data that indicates respective positions of the one or 
more other computational image sensors. 

6. The device of claim 1, wherein the imaging sensor 
parameter is a spectral sensitivity, a focal point, a brightness 
level, a depth of field, an aperture setting, a flash setting, an 
exposure time, an ISO setting, or a spatial Voltage mask. 

7. The device of claim 1, wherein the one or more proces 
sors are further configured to cause the device to send adjust 
ment data to the one or more other computational image 
sensors while the computational image sensor is configured 
in a master mode, wherein the adjustment data indicates an 
adjustment to respective imaging sensor parameters of the 
one or more other computational image sensors. 

8. The device of claim 7, wherein the one or more proces 
sors are further configured cause the device to send a capture 
command to the one or more other computational image 
sensors while the computational image sensor is configured 
in the master mode, wherein the capture command includes a 
command to capture respective images by the one or more 
other computational image sensors. 

9. The device of claim 1, wherein the one or more proces 
sors are further configured to adjust the at least one imaging 
sensor parameter according to adjustment data received from 
the one or more other computational image sensors while the 
computational image sensor is configured in a slave mode, 
wherein the adjustment data indicates an adjustment to the at 
least one imaging sensor parameter. 

10. The device of claim 2, wherein the one or more pro 
cessors are further configured to cause the device to deter 

10 

15 

25 

30 

12 
mine if four-dimensional light field image data in the first one 
or more images received from the one or more other compu 
tational image sensors includes four-dimensional light field 
image data of the field of view of the first image. 

11. The device of claim 2, wherein the one or more pro 
cessors are further configured to cause the device to generate 
an illumination estimation of the scene based on the four 
dimensional light field image data of the first image and the 
four-dimensional light-field image data of the first one or 
more images from the one or more other computational image 
sensors, and wherein adjusting the at least one parameter of 
the imaging sensor is further based on the illumination esti 
mation. 

12. The device of claim 4, wherein adjusting the at least one 
parameter of the imaging sensor is further based on the three 
dimensional model of the field of view. 

13. The device of claim 2, further comprising generating 
respective image parameter adjustments for the one or more 
other computational image sensors based on four-dimen 
sional light field data in the first image and four-dimensional 
light field data in the first one or more images received from 
the one or more other computational image sensors, and 

wherein the second one or more images from the one or 
more other computational image sensors were captured 
using the respective image parameter adjustments. 

14. The device of claim 1, wherein the second image of the 
field of view and the second one or more images captured by 
the one or more other computational image sensors each 
include different spectral information about the scene. 
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